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Abstract 
The present study aims to evaluate the dynamic defect monitoring technique (CVM – comparative monitoring vacuum) during 
fatigue tests in FSSW welded joints. This method is recent and has been applied to aeronautic industry. It works basically by 
pressure difference measurements between two positions, one firstly evacuated and another at ambient pressure. When a crack or 
defect links different pressure regions, a pressure sensor allows the defect detection. In this study, the specimens were 
instrumented with polymer sensors allowing for the detection of passing cracks in the joint region. In the present configuration
the system can detect a passing crack, but not the crack nucleation stage. A computer program saves the sensor signals with time
allowing the detection of the exact moment at which a crack crosses the joint. During the high-load tests the crack detection was
observed almost at the final failure. However, for medium and low loads, the method was quite efficient, detecting defects in 
good advance before the final failure. Thus, assuming project conditions in which loads are always low, regarding fatigue limit,
the method can be considered a good monitoring tool for crack detection in FSSW welded joints.  
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1. Introduction 
1.1. Friction Stir Spot Welding (FSSW) 
Friction Stir Spot Welding process (FSSW) was developed in 1991 and has been mainly studied for applications 
in automotive, aeronautic and other industries [1]. This welding technology derives from Friction Stir Welding 
process (FSW), and the main difference is the type of joint. In FSSW, the plates form a lap-joint and the tool 
penetrates the plates only in a point, making a punctual bond. In the FSW process the plates are arranged in a butt-
joint configuration and the tool moves towards the joint direction. Therefore, the FSSW process can be explained in 
three distinct steps: plunging, stirring and retracting [2]. The parameters mainly studied are plunge rate, rotational 
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speed, plunge depth and dwell time. Some authors have also measured the axial force generated during the FSSW 
process [3-5]. The FSSW studies correlate the mechanical properties and the parameters used to make the joint, 
aiming to find better parameter sets. The mechanical properties measured in most works are restricted to tensile 
shear tests [3, 6, 7], however cross-tension tests have also been cited [8]. Regarding fatigue tests, some authors have 
performed studies in AA 5000 and AA 6000 aluminum alloys series, determining fatigue lives, failure modes, 
microstructural analysis and lives prediction model [9-11]. The use of two different tool geometries, flat and 
concave, has also been evaluated and the concave tool has generated the best results [9, 10]. 
1.2. Comparative Vacuum Monitoring (CVM) 
Comparative vacuum monitoring (CVM) technique was developed in 1995 by SMS (Structural Monitoring 
Systems) company and has been largely used as structural health monitoring (SHM), mainly in the aeronautic 
industry [12]. Other possible applications to CVM is monitoring buildings, bridges, trains and subway vehicles, 
mining structures, railroad cars, trucks and other heavy machinery, pressure vessels, oil recovery equipment, 
pipelines, steel transmission towers, ships, tanks and a wide array of military structures [13]. CVM consists in the 
measurement of the difference of pressure between narrow channels evacuated and channels maintained at ambient 
pressure. When a failure appears in the structure and connects two channels, an air flow due to the atmosphere 
pressure starts to enter an evacuated channel [12]. These channels are formed in the contact region of the sensor 
(made of self-adhesive polymer) and the monitored structure, i.e. the component, or structure makes part of the 
sensor. Another possibility is to construct the sensor inside the component. Kousourakis et al [14, 15] introduced 
long and narrow interlaminar galleries in aerospace carbon/epoxy laminates to avoid sensor application. They 
perceived the existence of a critical size that allowed the same compressive and tensile resistance in the laminates. 
Thus, galleries with diameter larger than the critical size affected the mechanical properties.  
Figure 1 shows a scheme of the top view of a surface monitored by a CVM sensor. As the evacuated channels 
and the channels at ambient pressure are disposed in an alternated way, the sensor’s sensitivity is inversely 
proportional to the channels distance and thickness. The same figure illustrates a crack joining an evacuated channel 
(white) and a channel at ambient pressure (black), allowing the air to enter the evacuated channels [16]. 
Fig. 1. CVM sensor application in a schematic view.  
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Comparing with other non destructive techniques (NDT) as radiography, ultrasonic, liquid penetrant, magnetic 
particles inspection and eddy current testing, the CVM presents some facilities. CVM can operate in real-time, is not 
an invasive technique, does not require disassembly and does note require operator skill and/or high level of results 
interpretation [17]. On the other hand, the main disadvantages are the limitation to detect the crack position and the 
limitation to detect only surface cracking [18]. 
In addition to defect detection, CVM was used monitoring crack growth in welded T-butt joints tested under 
fatigue and allowed control the crack growth in a rate of 50,000 cycles/mm [18]. However, as this technique has not 
been tested in the monitoring of welded joints by the FSSW process, the present study aims to evaluate the use of 
these two techniques together. Thus, FSSW welded joints were evaluated in fatigue tests [19] using CVM sensors to 
detect cracks and evaluate the prediction efficiency of the technique. 
2. Materials and Methods  
Two sets of lap shear specimens welded by FSSW, named WA and WB were fabricated and evaluated in fatigue 
tests in a previous study [19]. During fatigue tests, CVM sensors were placed on the characteristic holes produced 
by the FSSW process, as showed in Figures 2a and b. Figure 2a presents a specimen in the MTS fatigue machine 
mounted for the test with its two spot welds. The wires connected the sensors to the transducer and allowed the 
pressure measurement. Figure 2b shows a schematic view of the sensor applied on the welded joint surface. In this 
configuration there are no channels at ambient pressure, and only one evacuated region. Thus, the pressure variation 
is detected when a crack crosses the welded region between the plates interface and the evacuated hole.
   
(a) (b)
Fig. 2. Details from CVM sensor installation. (a) specimen with sensors mounted in the MTS test machine; and (b) schematic view representing 
the sensor operating.  
The crack monitoring system worked with a vacuum regulator operating at a –20 kPa pressure, and a pressure 
monitor connected to the evacuated hole. When an increase in the flow rate occurred, the pressure monitor detected 
the pressure variation, and consequently the crack presence. In all tests two sensors were placed in the specimens 
(one in each hole), and they were in parallel connected to the pressure monitor. Thus, the detection occurred always 
in the first passing crack, however it did not identify which of the welded point failed. It is important to note that in 
this configuration the system does not detect the crack initiation, but only the first crack crossing the welded region. 
3. Results and Discussion 
Figure 3 shows the fatigue results for the WA specimens in a load x life curves. The curves present the fatigue 
lives (cycles to failure) and the detection lives (cycles until crack detection). The same results are presented for the 
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WB specimens in Figure 4. As shown in the figure the detection curves followed the life curves trends. However, in 
the WB specimens the detection curve was close to the total joint life, demonstrating shorter lives remaining after 
the defects detection. As the sensors only detect when a crack crosses the total welded joint length, the difference in 
the prediction efficiency between specimens WA and WB was probably caused due to the WB larger plunge depth 
in the FSSW process. This larger plunge depth probably promotes a weld extension higher, justifying the longer 
time to detect the first passing crack in the WB specimens. Another important observation is the WB specimen that 
achieved the run-out fatigue criterion few cycles after the detection time (in the lowest load used). If the test had 
been continued, the curves would have been more separate at this point. 
defect detection and total lives to specimens WA
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07
N (cycles)
m
a
x
im
u
m
 l
o
a
d
 (
k
N
) total life
defect detection
Fig. 3. Total lives and defect detection curves under fatigue test to the WA specimens. 
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Fig. 4. Total lives and defect detection curves under fatigue test to the WB specimens.
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The defect detection for WB specimens presented considerable scattering in the results. Due to the imperfection 
sensor application to some tests, and some run-out tests, there is no enough data recorded for a complete prediction 
analysis. Thus, only for the WA specimens an evaluation of the percentage lives before and after the defect detection 
was performed for each load level (Figure 5). For the highest load level, as suspected, the life after the defect 
detection is shorter (in percentage) than those of lower load levels, due to the difficulty for supporting high loads 
with the presence of defects. On the other hand, for the lowest load levels the prediction was efficient, detecting 
defects with good antecedence. In such cases, the average life after detection was always higher than 80% of the 
total life. Since, in real applications, repairs in spot welded joints are not usual, the life prediction system here 
evaluate could indicates the component replacement before its catastrophic failure. 
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Fig. 5. Average percentage lives, after and before defect detection by the CVM technique during fatigue tests. 
The present results demonstrated the possibility of CVM technique be used in joints welded by FSSW process 
and other applications in which a hole or another site receive a passing crack. The configuration is simple and the 
sensor only needs to close the site allowing the evacuation. Thus, when a passing crack connects the ambient 
pressure with the evacuated place, the CVM technique allows the defect detection. Furthermore, the defects were 
detected in advance, mainly to lower load levels (more often used in projects). So, the CVM technique is also able to 
real-time monitoring in this type of defects, besides the well-known surface cracks case.
4. Conclusions 
The CVM method was used to detect defects in FSSW welded joints and presented good results concerning 
defect detection and prediction of detection. Two specimen sets (WA and WB) were tested and detection defect and 
fatigue lives curves were obtained. The detection defects curves followed the fatigue live trends and presented better 
results to the WA specimens. 
The life percentage, before and after the defect detection, was evaluated in the WA specimens showing good 
anticipation to the final failure. To the three lower load levels the detection occurred before 20% of the total life, and 
to the highest level the defects were detected after near around 65% of the total life. As in normal applications the 
load levels are low, these results showed the CVM potential to real-time monitoring in this joint type. 
The CVM sensor configuration, although innovative, allowed detect passing cracks joining and evacuated site to 
the ambient pressure on the other side of the structure observed. 
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